Introduction
Invertebrates, insects in particular, are being increasingly recognized as powerful models for studying basic principles in immunology [1] . Insect immune systems are no longer seen as hard-wired and inflexible. A number of studies on several insect species have provided evidence for phenomena that are reminiscent of immune memory, often called immune priming, which is enhanced resistance after prior exposure to pathogens (for review, see [2] [3] [4] [5] [6] ). These studies have been conducive to the emerging awareness that the previous clear distinction between innate and adaptive immunity may need conceptual renewal [3, [7] [8] [9] .
For example, priming with bacterial lipopolysaccharides provides protection against subsequent challenge with the entomopathogenic fungus Metarhizium anisopliae in the mealworm beetle Tenebrio molitor [10] . A low dose of live bacteria, heat-killed bacteria or fungal spores provides protection against a later challenge with potentially lethal doses of live pathogens in the bumblebee Bombus terrestris [11] , the fruit fly Drosophila melanogaster [12] and the red flour beetle Tribolium castaneum [13] . These studies even provided evidence for a higher degree of specificity of such acquired protection, as survival was enhanced only when similar bacterial species or strains were used for priming and challenge.
In these and further studies, priming was generally achieved through septic wounding, i.e. by pathogen injec-tion or pricking of the insect's cuticle. However, wounding itself may already have strong effects on the immune system and further components of the insect's physiology (e.g. [14, 15] ). Moreover, many natural insect pathogens would usually enter their host by the oral route, e.g. through ingestion of spores or vegetative cells, often followed by penetration of the gut wall to get access to the insect's body cavity. An important question is, therefore, whether or not the oral uptake of pathogens, or components thereof, might likewise lead to enhanced resistance. Immune priming following oral infection with live parasites has been shown for Anopheles gambiae mosquitoes infected with Plasmodium malariae parasites [16] , and for crustacean species upon infection with live bacteria [17] or tapeworm larvae [2] . Oral exposure to yeast or peptidoglycans can stimulate the immune response of crustaceans, such as Artemia or shrimp [18] (for review, see [19] ). In insect larvae, consumption of live bacteria or DNA viruses leads to increased immune activity and survival [20, 21] . However, to the best of our knowledge, there are currently no studies examining whether the oral uptake of components derived from bacteria (in the absence of the pathogen) can lead to increased resistance against this bacterial species. We therefore studied oral priming of resistance in the red flour beetle T. castaneum against the entomopathogenic Bacillus thuringiensis .
B. thuringiensis is a Gram-positive bacterium that forms highly resistant endospores. It produces plasmidencoded crystalline inclusions (Cry proteins) during the sporulation phase, which are toxic to specific insect orders upon ingestion [22] . The ingestion of spores and the following infection process that takes place in the gut, is considered the natural infection route for B. thuringiensis [23] . We use a high-throughput oral infection protocol to expose individual T. castaneum larvae to coleopteran-specific B. thuringiensis bv. tenebrionis (Btt) bacteria [24] .
To explore the potential of bacterium-derived substances to induce resistance in T. castaneum , we primed beetle larvae with supernatants derived from spore cultures of B. thuringiensis . We focused on spore supernatants based on a preliminary test for priming where we also included autoclaved spores and heat-killed vegetative cells (concentration of both 1 × 10 9 ml -1 ), which did not induce a clear priming effect as spore supernatants. Spore supernatants likely contain substances produced during bacterial growth, and might thus indicate a harmful situation to the insect when recognized in the gut or after consumption of infected larvae. Note that T. castaneum larvae are highly cannibalistic [25] and reinfection of larvae from infected cadavers could be demonstrated also under laboratory conditions [24] .
We used different strains of B. thuringiensis to find out whether protection is a general phenomenon, or if it is achieved only by the Btt bacterial strain that is pathogenic to T. castaneum , and also included a strain that was made pathogenic to T. castaneum by transfer of the Crycarrying plasmid [24] . Immune priming has been shown to come at a cost for the primed individual [26, 27] and it may also have an impact on development time [28, 29] . We therefore studied whether oral immune priming affected the growth and development of T. castaneum .
Materials and Methods

Insects
All experiments were done on a recently wild-collected Cro1 population of T. castaneum [24] . Insects were kept on heat-sterilized (75 ° C) organic wheat flour (Alnatura, type 550) with 5% Brewer's yeast. For rearing as well as for experimental treatments (priming and challenge, see below) the insects were kept at 30 ° C and 70% humidity with a 12-hour light/dark cycle.
Bacterial Strains
We tested 5 B. thuringiensis strains (online suppl. [30] and Btt in our previous study [24] . This conjugated strain received a large cry -carrying plasmid (together with a small plasmid with neomycin resistance) and gained the ability to successfully infect T. castaneum larvae. Btt and Btk were provided by the Bacillus Genetic Stock Center (BGSC, Ohio State University, Ohio, USA) and Bt 407 cry -and Bt 407 gfpcry -were kindly provided by Dr. Christina Nielsen-Leroux, Institut National de Recherche Agronomique, La Minière, 78285 Guyancourt Cedex, France.
Preparation of Priming and Challenge Diet
For oral priming, spore culture supernatants were added to the flour diet of T. castaneum larvae. Spore cultures were produced as previously described [24] and centrifuged at 4,000 rpm at room temperature for 12 min. The supernatants were transferred into a new tube, centrifuged again and subsequently filter-sterilized, first using a 0.45-μm and then a 0.2-μm cellulose acetate filter (Whatman GmbH). Such spore-free supernatants were mixed with 0.15 g of flour with yeast per milliliter of supernatant. Thirty microliters of this mixture were pipetted into each well of a 96-well plate (Sarstedt, Germany). Plates were covered with breathable sealing foil for culture plates (Kisker Biotech) and dried overnight at 36 ° C, to avoid heat-inactivation of potential priming substances. The diet for the control larvae was prepared in the same way by mixing flour with unconditioned culture media (i.e. media in which no spores had been grown). A medium control with neomycin (15 μg/ ml) was used as the appropriate control for Bt 407 gfp-neocry + , as spores of this strain are raised with neomycin as a selective medium. In addition, for a naïve control, flour with yeast was mixed with phosphate-buffered saline (PBS, Calbiochem ® ).
For oral challenge, the spores were prepared and added to the flour-with-yeast diet as previously described [24] . Briefly, spore concentration was adjusted to 5 × 10 9 ml -1 by adding PBS, and flour discs were prepared in the same way as for the priming diet. Plates with the challenge diet were placed in plastic boxes (Curver, New Grand Chef, 2.6 l) with caps plugged with foam stoppers (K-TK e.K., Germany) and dried at 50 ° C overnight.
Experimental Design
Priming and Challenge Around 1,000 adults were allowed to lay eggs for 24 h in a plastic box plugged with foam stoppers containing approximately 300 g of flour, and the larvae were kept at 30 ° C and 70% humidity. At 15 days after oviposition (day 1 being the day when adults were placed on flour), similar-sized larvae were individually placed into 96-well plates containing the priming diet. Larvae of uniform size were chosen (online suppl. fig. 2 : size before priming) because T. castaneum larvae hatch on different days [25, 31] and by the time of priming, they would differ in age otherwise. Plates were sealed with transparent adhesive tape (Tesa SE), 9 holes were punctured with a needle (0.3 mm diameter) and the plates were placed into plastic boxes (Curver, New Grand Chef, 2.6 liters) with caps plugged with foam stoppers to allow circulation of air. Investigators were blind with regard to the priming treatments, which were randomly assigned to the plates, such that each plate contained all treatments. Only in the third experiment were classes of small and large size placed on the same plate, while each plate contained one priming treatment, which was replicated on three plates. Larvae were kept on the priming diet for 24 h, and then transferred to new plates containing the naïve diet (flour with yeast in PBS) and kept for 4 days until challenge. For the challenge, the larvae were transferred to plates containing Btt spores prepared as described above, and the survival was checked on the 1st, 2nd and 3rd day after the start of the exposure.
Oral Priming with Spore Culture Supernatants Increases Survival of T. castaneum Larvae
In this experiment, we tested for the properties of spore culture media conditioned by the pathogenic Btt strain and the nonpathogenic Bt 407 gfpcry -strain to induce priming, and compared their effects to the unconditioned medium control. In the same experiment, larvae were primed with the culture medium of the pathogenic Bt 407 gfp-neocry + which was raised with neomycin and were compared to the unconditioned medium control with neomycin. The diet for the naïve larvae was mixed with PBS and 96 larvae were primed per treatment. Only very few individuals died or escaped between priming and challenge, leading to the following sample sizes for the challenge: Btt : 91, Bt 407 gfpcry -: 94, medium control: 93, naïve: 93, Bt 407 gfp-neocry + : 92 and medium control with neomycin: 95.
Costs of Priming
To test whether oral priming has an effect on development, 192 larvae of each treatment were initially primed as described above, with the spore culture media conditioned by the Btt , Bt 407 gfpcry -and Bt 407 gfp-neocry + strain and the corresponding control treatments. After 24 h, larvae were transferred to the naïve diet and their development was monitored daily until day 50 after oviposition (i.e. day 36 after priming Relationship between Priming and Larval Size In this experiment, larvae were primed (n = 96 per treatment) with the spore culture media conditioned by the Btt , Bt 407 cry -and Btk strains. To additionally test for potential effects of larval size differences on priming efficiency, the priming experiment was done with 2 groups of larvae: a small-size class was obtained from larvae at 14 days after oviposition, and a large-size class at 15 days after oviposition. We monitored larval growth during the experiment by measuring the larval size as the total area of the larvae. For this, we took pictures of larvae immediately before transfer to the priming diet, or in the case of naïve larvae immediately before transfer to the diet mixed with PBS, (denoted 'pre priming'), after priming (i.e. 24 h after the initial exposure to priming diet, denoted 'post priming') and immediately before challenge (denoted 'pre challenge'). We used the total area as a size measure instead of, for example, head-capsule width, because it would only change upon moulting to another larval instar, which was not normally the case within the short time frame studied here. For measuring size, larvae were placed on a black background (stereomicroscope stageplate) and pictures were taken using a Canon EOS 2D Mark II camera, with a lens Canon EF 24-105 mm. We then measured total area of larvae using Acapella ® High Content Imaging and Analysis Software (PerkinElmer ® , Waltham, USA). As some individuals died or escaped between priming and challenge, sample size for the challenge was as follows: small-size class -Btt : 94, Btk : 88, Bt 407 cry -: 91, medium control: 92 and naïve: 89 and the largesize class -Btt : 94, Btk : 94, Bt 407 cry -: 91, medium control: 95 and naïve: 89.
Statistics
All experiments were analyzed with JMP statistical program, version 8.0.1 for Windows. Generally, for each experiment, a generalized linear model (GLM) was fitted and for significant terms, contrasts were used to test for differences between the treatments. We used GLM instead of survival analysis because survival curves do not provide additional information in our system, as mortality usually occurs within the first 24 h with any later mortality being rare (see survival curves in online suppl. fig. 3, 4) . In the first and second experiment (influence of spore culture supernatants on the induction of priming and costs of priming) the model was fitted using survival as a response variable for the first experiment (1 = alive and 0 = dead) and the proportion of different developmental stages on day 20 after priming for the second experiment (1 for adult and 0 for larva/pupa). In addition to the priming treatment, plate was used as model effect, to account for potential differences among experimental plates ( table 1 , 2 ). As only the treatment had an influence on survival in both experiments, contrasts were used to compare treatments Btt , Bt 407 gfpcry -and the naïve group to the medium control (Bonferroni correction, p = 0.0166). A separate, similar model was fitted for the Bt 407 gfp-neocry + and the corresponding medium control group with neomycin. In the third Oral Priming in Beetles ( table 3 ) , contrasts were used to compare priming treatments and the naïve group to the medium control group (Bonferroni correction, p = 0.0125). In the second model, we tested whether the priming treatment affected larval growth. We fitted a similar model, but using growth measures (difference between size prechallenge and prepriming) as the response variable. Contrasts were made separately for size class and treatment. In the third model, we tested whether larval size before challenge affected the survival. A model was fitted using survival as the response variable (1 = alive and 0 = dead) and treatment, size before A. GLM testing for the effect of priming treatment and size class on survival; experimental plate (nested within treatment) was also included into the model. B. GLM testing for the effect of priming treatment and size class on growth; experimental plate (nested within treatment) was also included into the model. C. GLM testing for the effect of priming treatment and size before challenge on survival.
the challenge and its interaction as factors ( table 3 ). As only treatment had an effect, contrasts were taken to test which treatment differs from the medium control (Bonferroni correction, p = 0.0125).
Results
Oral Priming with Spore Culture Supernatants Increases Survival of T. castaneum Larvae
In this experiment, priming response was induced in larvae exposed to filter-sterilized medium, which was used to obtain spore suspensions (spore supernatants). Larvae exposed to the spore supernatant of a pathogenic Bt strain ( Bt tenebrionis , [24] ) in their diet, survived significantly better than larvae which were kept on a medium control ( fig. 1, table 1 , p = 0.0018). By contrast, no priming effect was observed in larvae exposed to the supernatant of a nonpathogenic Bt strain ( Bt 407 gfpcry -) which has a different chromosomal background and does not carry a cry toxin gene. We previously demonstrated that the transfer of a cry -carrying plasmid (together with a plasmid for neomycin resistance) from Bt tenebrionis to the same nonpathogenic strain enables the strain to effectively kill the larvae [24] . Compared to the corresponding media control with neomycin, the supernatant of the same conjugated strain ( Bt 407 gfp-neocry + ) showed a trend for priming induction in larvae (p = 0.065), suggesting possible localization of the genes for the priming-inducing antigens on one of the two plasmids. Culture medium itself had a slightly negative effect on survival upon challenge because the larvae that were left naïve upon priming had greater survival than both media control groups, even though this effect was not significant.
Costs of Priming
A primed immune response may come with a cost for the larvae, such as delayed development. We thus analyzed the proportion of larvae, pupae and adults following priming, using the same priming treatments as above, but without a challenge. Larvae exposed to the supernatants of Btt (p < 0.0001) and the conjugated Bt 407 gfp-neocry + strain (p < 0.0001) showed delayed development compared to the media control group ( table 2 ), i.e. less larvae had reached the adult stage 20 days after priming ( fig. 2 ) . However, the development of the larvae that were not exposed to media at all (naïve) was even slower ( table 2 , p < 0.0001), which suggests a generally positive influence of media on development (online suppl. fig 1, 2) .
Relationship between Priming and Larval Size
In the previous experiment, we observed that primed larvae needed more time to develop. We thus explored the relationship between priming and larval growth in more detail. We monitored larval growth during the experiment by taking measurements of larval size (the total area of larvae, see the Materials and Methods section) before and after priming and before challenge (online suppl. fig. 2 ). As the priming effect and survival upon challenge might differ for differently sized larvae, we conducted this experiment with two size classes of larvae. Survival data confirmed the priming effect of the pathogenic Btt . The experiment showed that larval size classes were equally Oral priming with spore culture supernatants increases survival of T. castaneum larvae. The figure shows the survival of T. castaneum larvae 3 days after constant exposure to 5 × 10 9 ml -1 of live Btt spores in the flour in relation to the different priming treatments and the corresponding media controls. Larvae primed with supernatants of Btt and Bt 407gfpcry -were compared to larvae exposed to the plain (unconditioned) medium without supernatant as control (black bars). In addition, the medium control for Bt 407 gfp-neocry + supernatant primed larvae contained neomycin, since this strain of bacteria was raised with this antibiotic (striped bars). Naïve group (white bar) larvae were exposed to diet mixed with buffer (PBS) only. able to mount a primed response when exposed to the spore supernatant of the pathogenic Btt strain [ fig. 3 ; table 3 , p (size class) < 0.260, p (Btt) < 0.0001]. In this experiment, we did not include the Bt 407 gfp-neocry + strain, but another Bt strain, Bt kurstaki . As expected, this strain, which is not pathogenic for T. castaneum , did not lead to a priming effect. Mounting a primed response reduced larval growth, such that Btt-primed larvae grew less during the experiment ( table 3 , p < 0.0001; fig. 3 ; online suppl. fig. 2 ) than the medium control and larvae exposed to the Bt strains that did not lead to priming. Even though a growth reduction upon priming was seen directly after priming, it mainly disappeared until challenge ( fig. 3 ; online suppl. fig. 2 ) and larval size at challenge did not significantly influence survival ( table 3 , p < 0.275). Note that, after priming, larvae even show a reduction in size. This reduction is normal for certain instars of T. castaneum [25] , but might also be due to stress experienced during the experimental procedure. Relationship between priming and larval size. a Survival in relation to priming treatment. Survival is shown 3 days after constant exposure to 5 × 10 9 ml -1 of live Btt spores in flour. Larvae were primed with supernatants of Btt , Btk , Bt 407cry -. Larvae exposed to the plain (unconditioned) medium and buffer (PBS) served as control. b Growth (difference in larval area before challenge and before priming) of T. castaneum larvae after exposure to the priming diet and the medium control. Since size class had no influence on priming, survival and growth data are shown pooled for small and large size class. Significant differences are indicated with asterisks. Pooled sample sizes at the time point of challenge were as follows: Btt : 188, Btk : 182, Bt 407 cry -: 182, medium control: 187 and naïve: 178. * p < 0.0001 . 
Discussion
In this study, we found that oral priming leads to increased survival of T. castaneum larvae upon oral exposure to B. thuringiensis . To the best of our knowledge, this is the first demonstration of oral priming against a bacterial infection in insects. Moreover, priming was induced by sterile-filtered supernatants of spore cultures of B. thuringiensis which is, in itself, a novel method for testing such a phenomenon.
Our initial screening for priming-inducing agents showed that heat-killed Bt bacteria as well as autoclaved spores did not consistently induce a primed immune response. By contrast, heat-inactivated bacteria were efficient in priming when introduced via septic wounding through the cuticle [13] . The tissue damage through wounding may here provide a danger signal [32] that is absent when heat-inactivated pathogens are offered orally. From an evolutionary-ecological point of view, it may be possible that certain priming elicitors would only be effective when administered via the hemolymph or via the oral route of infection, and the gut and the hemolymph priming mechanisms could be substantially different. In the midgut, the peritrophic membrane lines the epithelial cells and prevents direct access of pathogens to the cells [33] , which is in contrast to the hemolymph where pathogens come into direct contact with hemocytes. For this reason, heat-inactivated pathogens in the gut may not be recognized as a threat. In addition, heat treatment may render antigens undetectable by receptors in the gut. In this study, priming for increased survival was only induced by Bt tenebrionis , a strain that is infective to the beetle. A Bt strain that was made infective by the transfer of plasmids from the Btt strain also showed a trend for the induction of priming. Thus, a potential candidate substance for priming might be encoded by a gene on one of those plasmids. The Cry toxins are major, plasmid-encoded virulence factors of Bt , and the toxin itself might be responsible for the priming. However, Cry toxins form large crystals which would not remain in the supernatant after centrifugation, although protein monomers may still be retained to some extent. Cry toxins bind specifically to receptors in midgut epithelial cells and cause cell lysis [34] . Even though T. castaneum , in contrast to other insect species, cannot be killed by the spore-free toxin preparations [35] , toxins could still damage epithelial cells. The damage induced by Cry toxins or other bacteria-derived substances might serve as a danger signal to the host [32] . Moreover, upon such damage, the access of gut-associated microbiota to the hemolymph could lead to priming, as reported in Plasmodium infections of mosquito hosts [16] . Causes of enhanced resistance after oral priming are likely immunological in a narrow sense, but might also include immunity in a broader sense, such as changes in gut microbiota or even increased avoidance behavior. However, these possibilities need further study.
In addition to the remnants of small bacterial cell wall components, culture supernatants may contain substances that are indicative of pathogen growth and replication, and a host that is able to use such cues of a potential pathogenic threat for the prophylactic increase of resistance would have a fitness benefit. A recent study showed that Drosophila midgut epithelial cells can recognize bacteria by detecting uracil, which is secreted only by pathogenic bacteria and can be abundantly found in the culture supernatants [36] . This could support the hypothesis that bacteria secrete substances into their environment that can be recognized by the gut epithelia, but this needs to be investigated further.
We also found evidence for the costs of oral priming when there was no subsequent challenge. Primed larvae were smaller and developed more slowly. Interestingly, these effects were again specifically observed only when priming with the beetle-pathogenic Bt strain. Fitness costs of immunity are generally assumed, based on lifehistory theory [37] and might, for example, be due to the expression of immune effectors that are costly to produce [38] . Similar costs were also found for septic, transgenerational immune priming [26, 27] . By contrast, septic bacterial priming accelerated development in T. castaneum [39] , which might be an adaptive modulation of life history by earlier reproduction.
In this study, the delayed development might also be interpreted as an adaptive response rather than as a cost, because the susceptibility to oral infection may be dependent on size or developmental stage [40] . We found no support for this interpretation in our experiment, however, when we included two size classes. First, we found a consistent priming effect for both size classes. Second, even though there was an effect of priming on size immediately after priming, the size difference was not that prominent closer to the challenge and did not influence survival. It was noted that completely naïve larvae were smaller than larvae kept on the relevant media controls. Media seemed to have a positive effect on larval growth, and showed an insignificant trend for a slightly negative effect on survival. The effect of media on growth might be due to additional nutrients that are present in the medium, or potentially by a direct effect of peptone on larval development [41] .
Although many pathogens enter their hosts by ingestion, priming via the oral route has not been intensively investigated for insect pathogens. We showed that oral priming by pathogen-conditioned medium induces priming of resistance in the red flour beetle. The existence of this phenomenon may be explained by the ecology of T. castaneum . The larvae are highly cannibalistic and we were able to reinfect new larvae by offering them infected cadavers [24] . Thus, cannibalizing infected cadavers may confer resistance to the respective individuals and prevent further transmission of the pathogens in the population. It will be interesting to see whether oral priming might also play a role in other insect species, particularly against orally infecting pathogens. Pathogen-derived substances that are indicative of pathogen growth might be used by the host as danger signals, leading to the protective upregulation of defense traits. The observed oral priming of resistance in this study adds to the increasing evidence that insect immune defenses are plastically adjusted to various pathogens in their environment.
